Misdiagnosis of symptomatic lumbar lateral stenosis (LS) may result in an unfavourable
. In contrast to CS, LS involves the dorsal root ganglia and spinal nerves, which are more vulnerable to compression and produce more severe neuropathic pain [9] [10] [11] [12] [13] . Neuropathic pain is redefined as "pain arising as a direct consequence of a lesion or disease affecting the somatosensory system"; this redefinition was suggested by the International Association for the Study of Pain Special Interest Group on Neuropathic Pain in 2008. A substantial proportion of patients with chronic low back pain experienced a neuropathic pain component Study population. We identified patients older than 18 years who had disabling back pain with or without leg pain and were admitted to our hospital for lumbar spinal surgeries under the care of a single surgeon. Patients who met the following criteria were included: (1) back pain with or without leg pain lasting for more than 3 months after conservative treatment and (2) a corresponding lesion on MRI, such as (a) central spinal stenosis at the L4/5 level due to spondylolisthesis or disc herniation, (b) lateral recess stenosis at the L5 level, (c) foraminal stenosis at the L5/S1 level, or (d) segmental instability requiring surgical treatment at the L4/5 level. We excluded patients who had received a diagnosis of a spinal tumour or infection, presented with cauda equina syndrome, refused to undergo the SQST, had a visual analogue scale (VAS) score of less than 2 for leg pain or soreness, or had simultaneous involvement of L5 nerve roots on both sides. The SQST was designed to examine differences between the symptomatic and contralateral sides; thus, patients with bilateral L5 nerve root involvement may have normal SQST results. To particularly focus on the L5 nerve, we excluded patients who had only L4/5 foraminal stenosis or L5/S1 CS and those with a pathology not involving the L4/5 or L5/S1 level.
Baseline measures.
The SQST was performed according to the standard protocol described in the StEP 18 , except that we used 10 °C for the cold test. In our preliminary study, patients felt a clear cold sensation on their dorsal feet only until the temperature of water was less than 10 °C in a closed room with a temperature of 24-27 °C, and at 10 °C, they could clearly report a difference between the two sides if there was a sensory disturbance. When the temperature of water was 15-20 °C, they felt moderately cold and could hardly identify the difference in cold sensation between the two sides, even when other sensory tests strongly suggested a sensory disturbance. All tests were performed in a quiet room with the temperature maintained at 24-27 °C, and the patients were asked to sit on a chair with their naked feet comfortably situated on a leg rest. The skin of their medial dorsal foot was regarded as the L5 dermatome and the test area. This area was suggested as the L5 dermatome by a study combining clinical symptoms, electromyography, and imaging and surgical findings 20 . A complete SQST comprised eight sensory tests. For each sensory test, an abnormal finding was defined as decreased sensation or hyperalgesia on the symptomatic side compared with the contralateral side, whereas a normal finding was defined as the same sensation between both sides. An investigator (a physician assistant, the third author) interviewed all patients and performed the SQST. Before this study, two investigators (a neurosurgeon, the first author, and the physician assistant, the third author) evaluated the interrater and intrarater agreements of 18 patients. The interrater agreement of each item of the SQST and SLRT was 0.6-1, and the intrarater agreement was 0.7692-1 (Supplemental Table 1 ).
Lumbar spine MRI. All lumbar spine MRI examinations were performed using a 1.5 T MR scanner (Signa, GE Healthcare, Waukesha, WI, USA) with a traditional cervical-thoracic-lumbar spine coil (Signa, GE Healthcare) at the study hospital. The patients were placed in a supine position with a cushion under both knees, and T2-weighted fast spin-echo axial and sagittal images were obtained (repetition time/echo time, 3000.00/110.00 ms and 3050.00/110.00 ms; field of view, 18 cm and 30 cm; matrix, 320°-224° and 384°-214°; echo train length, 20 and 25; excitations, 3-4 and 4 for axial and sagittal scans, respectively; slice thickness, 4 mm; slice gap, 0.4 mm; and flip angle, 90°).
Reference criteria: Symptomatic LS. The reference criteria for the diagnosis of symptomatic LS were a grade III LS on MRI and clinical symptoms (radiating or shooting pain below the knee or L5 dermatomal pain distribution). A neurosurgeon (the first author) graded the LS and CS of each patient and then classified each patient as having LS or CS or no stenosis based on MRI findings. This observer was unaware of the patient's medical history or the results of SQSTs. The observer had 8 years of postresidency experience in reading spinal MRIs. CS was defined as central spinal stenosis at the L4/5 level caused by spondylolisthesis or disc herniation and was graded according to Schizas's and Lee's classification 21, 22 . CS was regarded to be present if the grade was B, C, or D according to Schizas's classification (Fig. 1) . LS was defined as lateral recess stenosis at the L5 level or foraminal stenosis at the L5/S1 level 23 ( Fig. 1 ). Lateral recess stenosis was graded according to Bartynski's classification 24 , and foraminal stenosis was graded following Lee's classification 25 . LS diagnosis was a radiological diagnosis based only on imaging grading; however, diagnosis of symptomatic LS was a clinical diagnosis based on both imaging grading and clinical symptoms. LS was regarded as present if the grade of lateral recess stenosis or foraminal stenosis was 3. In addition, the diagnosis of symptomatic LS in this study was made by a senior neurosurgeon who had 40 years of experience in the management of degenerative lumbar stenosis based on clinical symptoms (radiating or shooting pain below the knee or L5 dermatomal pain distribution) and corresponding grade III lateral recess stenosis or grade III foramina stenosis on MRI. In this study, the foraminal stenosis or lateral recess stenosis of patients with symptomatic LS was surgically confirmed, and their leg pain improved immediately after the surgery.
SCIeNTIfIC RepoRTS | 7: 10598 | DOI:10.1038/s41598-017-10641-2 Clinical information collection. We prospectively collected the data of all patients, including age, sex, diagnosis, results of the preoperative Short Form-36 (SF-36; Chinese version) 26 , the Japanese Orthopedic Association (JOA) score for low back pain 27 , the Oswestry disability index (ODI; Chinese version) 28 , and VAS scores for leg pain or soreness, or back pain or soreness (the scale ranged from 0 to 10, with 0 indicating "no pain at all" and 10 indicating "the most imaginable pain"). We regarded soreness as a discomfort in patients with symptomatic LS.
Statistical analysis. Data are presented as the mean ± standard deviation. Comparisons between continuous variables (age, SF-36, ODI, and JOA) were performed using the Student t test, one-way analysis of variance (ANOVA), and the Mann-Whitney U test. Comparisons between categorical variables (sex, level, diagnosis, stenosis grade, and SQST results) were performed using the chi-square test. The Holm-Sidak correction method was used for multiple comparisons. Logistic regression models were used to evaluate the receiver operating characteristic (ROC) curve for various sensory and test assessments to identify LS. The areas under the curves (AUCs) indicated the highest possible sensitivity and specificity. A stepwise model selection method was used to confirm Availability of materials and data. The datasets generated and/or analysed during the current study are available from the corresponding author on reasonable request.
Results
Between April 2016 and February 2017, 75 patients were assessed for eligibility (Fig. 2) . Of these patients, 15 were excluded for the following reasons: 1 patient refused to undergo the SQST, 13 had a VAS score of less than 2 for leg pain or soreness, and 1 had bilateral L5 nerve root involvement. Finally, 60 patients were included. According to the presence of symptomatic LS (grade III LS on MRI and patients' clinical symptoms), 22 and 38 patients were included into the LS(+) and LS(−) groups, respectively. In the LS(+) group, 12 patients had only LS and 10 had both CS and LS. By contrast, in the LS(−) group, 34 patients had only CS, and 4 had no stenosis. No significant difference was observed between the LS(+) and LS(−) groups in age, diagnosis, back pain, back soreness, leg pain, leg soreness, SF-36 score, ODI, or JOA score, but a difference was observed in sex (Table 1 ). In the subgroup analysis, no significant difference was observed among the four groups (Supplementary Table S2 ). In the LS(+) group, 15 patients had lateral recess stenosis (graded as 3) and 7 patients had foraminal stenosis (graded as 3), whereas in the LS(−) group, the stenosis of 4, 8, 18, and 8 patients was graded as A, B, C, and D, respectively, according to Schizas's classification ( Table 2 ). The stenosis type significantly differed between the LS(+) and LS(−) groups (Table 2) . Kappa values for the intrarater and interrater agreements of the SQST are listed in Supplementary Table S1 , and the agreement of all items was good to excellent. ncidence of sensory disturbance in each item of the SQST in patients with LS than in patients without LS (73% vs. 8% for low-strength von-Frey, p < 0.0001; 73% vs. 3% for high-strength von-Frey, p < 0.0001; 55% vs. 0% for pinprick, p < 0.0001; 45% vs. 0% for brush, p < 0.0001; 59% vs. 3% for blunt, p < 0.0001; 59% vs. 8% for vibration, p < 0.0001; 68% vs. 3% for warmth, p < 0.0001; and 73% vs. 16% for cold, p < 0.0001; Supplement Table 3) . Table 3 lists the AUC, sensitivity, specificity, positive predictive values, and negative predictive values of the SQST for symptomatic LS. The sensitivity and specificity of the diagnosis of LS on MRI were 72.7% and 92.1% for low-strength von-Frey, 72.7% and 97.4% for high-strength von-Frey, 54.5% and 100% for pinprick, 45.5% and 100% for brush, 59.1% and 97.4% for blunt, 59.1% and 92.1% for vibration, 68.2% and 97.4% for warmth, and 59.1% and 86.8% for cold, respectively. All eight items of the SQST were then chosen in the stepwise selection procedure. The final model identified low-strength von-Frey, high-strength von-Frey, and vibration as the most accurate predictors of LS with an area under the ROC curve of 0.9563 (95% confidence interval = 0.9003-1.0; Fig. 3 ).
Discussion
The results of this study demonstrated that among patients with a pathology at the L4/5 or L5/S1 level involving the L5 spinal nerve root, those with symptomatic LS had a higher incidence of abnormal SQST results, and low-strength von-Frey, high-strength von-Frey, and vibration were identified to be the most accurate predictors of symptomatic LS. The current study is the first to show that the SQST is a useful tool for differentiating patients with symptomatic LS from those with CS. Typically, patients with CS have more pain in the back than in the legs, whereas those with LS have more pain in the legs than in the back. However, the identification of symptomatic LS is difficult when it coexists with CS and when patients have pain in both the back and legs. Therefore, we included only patients who had a VAS of more than 2 for leg pain or soreness in this study. A few studies have compared clinical presentations between LS and CS. Leg pain at rest was reported to be more severe in patients with LS compared with those with CS 7 . In agreement with this finding, we found a trend of leg pain being more severe in patients with LS, but the difference was not statistically significant. However, a prospective randomised trial showed that sensory disturbances did not differ between patients with LS and those with CS 8 . In contrast to this finding, our study results revealed that patients with symptomatic LS had a significantly higher incidence of abnormal SQST results. We believe that the standardised protocol of the SQST in the StEP improved the sensitivity and specificity of the diagnosis of symptomatic LS in our study. Furthermore, symptomatic LS is easily overlooked, particularly when there is coexisting CS. In our study, 10 patients had both CS and LS, and all of them exhibited sensory disturbances in at least one item of the SQST in their affected limb. Patients with both CS and LS had more LS-like clinical presentations. Compared with patients with only CS, more patients with both CS and LS had abnormal findings in SQSTs (Supplementary Table S3) , and the SQST is a promising tool in the diagnosis of LS, even when there is coexisting CS. Table 3 . AUC, sensitivity, specificity, PPV, and NPV of the SQST in the detection of lateral stenosis. AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; SQST, standardised qualitative sensory test; SLRT, straight leg rising test. Corresponding 95% confidence intervals are in parentheses.
In our study, patients with symptomatic LS had a higher incidence of abnormal findings in the SQST, which are indicators of neuropathic pain. Neuropathic pain refers to pain arising as a direct consequence of a lesion or disease affecting the somatosensory system 29 . Low back pain may comprise both nociceptive axial and neuropathic radicular pain. In patients with such pain, differentiating between nociceptive and neuropathic pain is clinically important, because these components require different pain management strategies. This definition has been useful to distinguish between neuropathic and other types of pain; however, it lacks both diagnostic specificity and anatomic precision [30] [31] [32] [33] [34] [35] . Consequently, a grading system was proposed to provide a more precise definition useful for clinical and research purposes 29, 36 . The proposed grading system is based on the certainty of neuropathic pain and has four criteria:
1. Pain with a distinct neuroanatomically plausible distribution. 2. A history suggestive of a relevant lesion or disease affecting the peripheral or central somatosensory system. 3. The presence of negative or positive neurological signs concordant with the distribution of pain in neurological examination or in the more objective confirmatory tests (quantitative sensory testing or laboratory tests). 4. Demonstration of the relevant lesion or disease by at least one confirmatory test.
The grading of certainty for the presence of neuropathic pain is considered "defined" if all criteria are met, "probable" if both criteria 1 and 2 plus either 3 or 4 are met, and "possible" if only 1 and 2 are met without confirmatory evidence from 3 or 4.
In this study, on the basis of the grading system of neuropathic pain, we modified these four criteria for grading neuropathic pain in lumbar radiculopathy specifically involving the L5 spinal nerve:
1. Leg pain below the knee along or not along the L5 dermatome. Leg pain in patients with stenosis, particularly LS, and abnormal findings in the SQST were classified as definied neuropathic pain (all criteria were satisfied). Leg pain in those with stenosis but with normal findings in the SQST was defined as probable neuropathic pain. Leg pain in those without either stenosis or abnormal findings in the SQST was defined as possible neuropathic pain. Accordingly, leg pain in 100% of patients with symptomatic LS and 18% of patients with CS was definite neuropathic pain. Leg pain in 82% of patients with CS was probable neuropathic pain and that in four patients without LS or CS was possible neuropathic pain. The risk of nerve root injury is higher in LS than in CS because of the anatomic structures. In contrast to the central canal, the lateral canal has a much narrower space; thus, nerve root injury can easily occur in LS. In addition, nerve structures involved in LS and CS are different. In LS, the dorsal root ganglia and their spinal nerves are involved, and injuring these structures caused much severer pain responses in an animal model compared with injury of dorsal roots in the central canal [9] [10] [11] [12] [13] . In summary, the relatively narrow anatomical structures and the nerve structures comprising the lumbar lateral canal may underpin the mechanism that explains why patients with symptomatic LS have more abnormal sensory test results and neuropathic pain.
We defined grade 3 as the presence of LS in both the lateral recess and foramen. The grade at which LS causes symptoms remains controversial. Grades II and III were defined as the presence of stenosis in a previous study 24 .
In our study, 25% (4/16) of patients with grade II LS and 95.5% (21/22) of patients with grade III LS exhibited abnormal SQST results. Although four patients with grade II LS had abnormal SQST results, their leg pain was not more severe than their back pain, was not in a radiating or shooting manner, and did not extend below the knees. On the basis of their clinical presentations, a diagnosis of symptomatic LS was not established. Accordingly, grade III was defined as the presence of LS, not including grade II. The VAS scores for leg pain of patients with grade 0-1 LS, grade 2 LS, and grade 3 LS were 4.86 ± 3.73, 5.19 ± 3.66, and 7.23 ± 2.68, respectively (one-way ANOVA, p = 0.047). The VAS score for leg pain increased with the grade of LS. Accordingly, the results of the current study showed that grade 3 LS in either the lateral recess or foramen is more likely to result in abnormal sensory test results or leg symptoms.
LS consisted of lateral recess stenosis and foraminal stenosis. A study reported 72% sensitivity of MRI in the detection of Grade II-III lateral recess stenosis related to the degenerative bony changes of the surrounding structure, but it excluded stenosis related to disc protrusion 24 . In other words, the sensitivity of MRI in the detection of lateral recess stenosis related to disc protrusion is not known. Another study reported that the sensitivity, specificity, and accuracy of MRI in the detection of a lumbar disc protrusion is 92%, 91%, and 92%, respectively, which was confirmed by surgical findings 37 . Thus, we believe that MRI can more accurately detect lateral recess stenosis related to disc protrusion compared with that related to degenerative bony changes. In this study, 67% of grade III lateral recess stenosis was related to disc protrusion, and 33% was related to degenerative facet joint hypertrophy or pars interarticularis hypertrophy. Grade III lateral recess stenosis shown on preoperative MRI of all patients was surgically confirmed in our study. In patients with grade 0-II lateral recess stenosis, a disc protrusion or very severe stenosis related to the bony structure was not found at the lateral recess during the operation, but it was very difficult to grade lateral recess stenosis intraoperatively. Thereafter, a bias may have occurred due to our underestimation of the incidence of grade II or III LS related to degenerative bony changes in patients in the LS(−) group. However, for lateral recess stenosis related to disc protrusion, the bias was very limited.
This study has some limitations. Although the number of participants was small, and confidence intervals around the estimates of sensitivity, specificity, and positive and negative predictive values were therefore slightly wide, the power was still satisfactory (87.29%) when we considered the cold sensory test with the smallest ROC curve (0.73). This study included only patients who experienced disabling pain for more than 3 months; thus, the results of the SQST in patients with acute pain would not necessarily be the same. The focus of this study was to identify symptomatic LS. For asymptomatic LS, the SQST was not validated in this study. All patients were recruited from a single hospital, and local factors influencing the incidence of lumbar LS cannot be excluded. Therefore, the generalisability of our results may be limited. The SQST is used to detect differences in sensation between two sides. Thus, it may be not able to detect differences in a patient who has sensory disturbance on both sides. The SQST is a qualitative test, and it cannot reflect how different patients feel between sides. The accuracy of the SQST is based on patients' responses, and it heavily depends on patients' understanding and cooperation. This study excluded patients who could not respond correctly to the SQST. In addition, the L5 dermatome may vary among patients. The skin site tested in this study was the medial dorsal foot, which was regarded as the L5 dermatome in a comprehensive study combining clinical symptoms, electromyography, and imaging and surgical findings 20 . However, the medial dorsal foot may not be the L5 dermatome in a few patients. The results of this study should be interpreted with caution. Finally, because MRI has only 72% sensitivity in the detection of grade II-III lateral recess stenosis related to the degenerative bony structure, a bias may have occurred in this study due to the underestimation of the incidence of such stenosis. However, for lateral recess stenosis related to disc protrusion and foraminal stenosis, underestimation was limited.
Conclusions
The incidence of abnormal sensory test results was higher in patients with symptomatic LS than in those with CS. The results of this study indicated that in combination with MRI, the SQST can serve as a diagnostic tool in the identification of symptomatic LS in patients with symptomatic lumbar stenosis involving the L5 spinal nerve.
